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This paper is devoted to the convergence of the implicit Ishikawa iteration processes for approximating a common fixed point of
nonexpansive semigroup in CAT(0) spaces. We obtain the A-convergence results of the implicit Ishikawa iteration sequences for
a family of nonexpansive mappings in CAT(0) spaces. Under certain and different conditions, we also get the strong convergence
theorems of implicit Ishikawa iteration sequences for nonexpansive semigroups in the CAT(0) spaces. The results presented in this

paper extend and generalize some previous results.

1. Introduction

Let (X, d) be ametric space and K be a subset of X. A mapping
T:K — Xissaid to be nonexpansive if d(Tx, Ty) < d(x, y)
forall x, y € K. We denote the set of all nonnegative elements
in R by R" and denote the set of all fixed points of T by F(T),
that is,

F(T)={xe€e K:Tx = x}. 1)

Foreachn € N,let T, : K — K be nonexpansive mappings
and denote the common fixed points set of the family {T, } by
(o2, E(T,). A family of mappings {T},} is said to be uniformly
asymptotically regular if, for any bounded subset B of K,

lim supd (T,z,T; (T,z)) = 0, )
n® B
foralli e N.

A nonexpansive semigroup is a family,

I:={T@{):t>0}, (3)

of mappings T'(t) on K such that

1) T(s+t)x =T(s)(T(t)x) forall x € K and s,t > 0;
(2) T(t) : K — K is nonexpansive for each ¢ > 0;

(3) for each x € K, the mapping T(-)x from R to K is
continuous.

We denote by F(I') the common fixed points set of nonex-
pansive semigroup T, that is,

F ()
= ﬂF(T(t)) ={x € X: T (t)x = x for each t > 0}.
teR*
(4)

Note that, if K is compact, then F(T') is nonempty (see [1, 2,

28]).
A geodesic from x to y in X is a mapping ¥ from a closed

interval [0,/] ¢ R to X such that ¥(0) = x, ¥(I) = y, and
d(¥Y(t),¥(t") = |t — t'| for all t,¢' € [0,1]. In particular, ¥
is an isometry and d(x, y) = I. The image © of ¥ is called



a geodesic (or metric) segment joining x and y. The space
(X, d) is said to be a geodesic space if any two points of X are
joined by a geodesic, and X is said to be uniquely geodesic if
there is exactly one geodesic joining x and y for any x, y € X,
which is denoted by [, y] and is called the segment joining x
and y. A subset K of a geodesic space X is said to be convex if
forany x, y € K, [x, y] c K.

A geodesic triangle A(x;,x,,x;) in a geodesic metric
space (X, d) consists of three points x,, x,, x5 in X (the ver-
tices of A) and a geodesic segment between each pair of ver-
tices (the edges of A). A comparison triangle for the geodesic
triangle A(x,, x,,X3) in (X, d) is a triangle A(x,, x,, x;) =
A(%,,%,,X;) in R* such that dge(x;,%;) = d(x;,x;) for all
i,j € {1,2,3}. It is known that such a triangle always exists
(see [3]). A geodesic space is said to be a CAT(0) space if all
geodesic triangles of appropriate size satisfy the following
comparison axiom (CA).

Let A be a geodesic triangle in (X,d), and let A ¢ R?
be a comparison triangle for A. Then, A is said to satisfy the
CAT(0) inequality if, for all x,y € A and all comparison
points X,y € A,

d(xy)<d(xy). ©)

The complete CAT(0) spaces are often called, Hadamard
spaces (see [4]). For any x, y € X, we denote by ax @ (1 — o) y
the unique point z € [x, y] which satisfies

dxaxe(l-a)y)=1-a)d(x,y),

d(y,axe(1-a)y)=ad(x,y). (©)

It is known that if (X, d) is a CAT(0) space and x, y € X, then
for any 3 € [0, 1], there exists a unique point fx & (1 - )y €
[x, y]. For any z € X, the following inequality holds:

d(zpxe(1-B)y) < fd(zx)+(1-P)d(zy), ()

where Sx @ (1 - )y € [x, y] (for metric spaces of hyperbolic
type, see [5]).

Recently, Cho et al. [6] proved the strong convergence of
an explicit iterative sequence {z,} in a CAT(0) space, where
{z,} is generated by the following iterative scheme for a non-
expansive semigroup I':

z1€K, zg=az,@(1-a)T(t,)z,, Yn=1, (8)
where « € (0,1) and {t,,} ¢ R". The existence of fixed points,
an invariant approximation, and convergence theorems for
several mappings in CAT(0) spaces have been studied by
many authors (see [7-18]).

On the other hand, Thong [19] considered an implicit
Mann iteration process for a nonexpansive semigroup I' =
{T(t) : t € R"} onaclosed convex subset C of a Banach space
as follows:

X, €C, X =0x, + (1—a,)T(t,) X0, n=1. (9)
Under different conditions, Thong [19] proved the weak
convergence and strong convergence results of the implicit

Mann iteration scheme (9) for nonexpansive semigroups
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in certain Banach spaces. Many authors have studied the
convergence of implicit iteration sequences for nonexpansive
mappings, nonexpansive semigroups and pseudocontractive
semigroups in the Banach spaces (see [20-23]). Readers may
consult [24, 25] for the convergence of the Ishikawa iteration
sequences for nonexpansive mappings and nonexpansive
semigroups in certain Banach spaces. However, to our best
knowledge, there is no paper to study the convergence of the
implicit Ishikawa type iteration processes for nonexpansive
semigroups in CAT(0) spaces. Therefore, it is of interest to
investigate the convergence of implicit Ishikawa type iteration
processes for nonexpansive semigroups in CAT(0) spaces
under some suitable conditions.

Motivated and inspired by the work mentioned previ-
ously, we consider the following implicit Ishikawa iteration
scheme for a family of nonexpansive mappings in a CAT(0)
space:

x; €K,
Xpp1 = %X, @ (1 - an) ((1 - en) Tnxn & enTnan) > (10)
Vn > 1,

where {a,} < (0,1] and {0,} < [0, 1] are given sequences.
We prove that {x,} generated by (10) is A-convergent to some
point in (1,2, F(T,) under appropriate conditions. We also
consider the following implicit Ishikawa iteration process for
a nonexpansive semigroup I' = {T'(¢) : t € R"} in a CAT(0)
space:

x; €K,
Xpp1 = 0%, © (1 - (Xn) ((1 - 071) T (tn) X, ® enT (tn) xn+1) >
Vn > 1,
(11)

where {«a,} < (0,1] and {0,} < [0, 1] are given sequences.
Under various and appropriate conditions, we obtain that
{x,} generated by (11) converges strongly to a common fixed
point of I'. The results presented in this paper extend and gen-
eralize some previous results in [6, 19].

2. Definitions and Lemmas

Let {x,} be abounded sequence in a CAT(0) space (X, d). For
any x € X, denote

r(x,{x,}) = limsupd (x,x,) . (12)

Consider the following:

(i) r({x,}) = inf{r(x,x,) : x € X} is called the asymp-

totic radius of {x,};

(ii) rx({x,}) = inf{r(x, x,) : x € K} is called the asymp-
totic radius of {x,,} with respect to K;

(i) the set A({x,}) = {x € X : r(x,{x,}) = r({x,})} is
called the asymptotic center of {x,,};

(iv) the set A({x,}) = {x € K : r(x, {x,}) = re({x,})} is
called the asymptotic center of {x, } with respect to K.
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Definition 1 (see [12,26]). A sequence {x,,} in a CAT(0) space
X is said to be A-convergent to a point x in X, if x is the
unique asymptotic center of {xnj} for all subsequences {x”;'} c

{x,,}. In this case, we write A-lim
the A-limit of {x,,}.

s ooXy, = X, and x is called

For the sake of convenience, we restate the following lem-
mas that shall be used.
Lemma 2 (see [10]). Let (X, d) be a CAT(0) space. Then,
d(Q1-txety,z)<(1-t)d(x,2)+td(y,2), (13)
forallx,y,z € Xandt € [0,1].

Lemma 3 (see [10]). Let (X, d) be a CAT(0) space. Then,
[d((1-t)xety,2)]

<(1-H[dx2)+tld(p2)) -tQ-1)[d(x )],
(14)

forallx,y,z € Xandt € [0,1].

Lemma 4 (see [10]). Let K be a closed convex subset of a com-
plete CAT(0) space and T : K — K be a nonexpansive map-
ping. Suppose that {x,} is a bounded sequence in K such that
lim, ,  d(x,,Tx,) = 0 and {d(x,, p)} converges for all p €
F(T). Then, w,(x,) = UA({xnj}) C F(T'), where the union is
taken over all subsequences {x, } of {x,}. Moreover, w,(x,)
consists of exactly one point.

nj

Lemma55 (see [6]). Let{z,} and {w,} be bounded sequences in
a CAT(0) space X. Let {e,,} be a sequence in [0, 1] such that 0 <
liminf, | Je, < limsup,_, &, < 1. Define z,,,, = a,z, ®

(1 -, )w, for alln € N and suppose that
hrrlllsolip [d (wn+1’ wn) - d (zn+1’ Zn)] < 0. (15)
Then, lim,,_, . d(w,, z,) = 0.

3. Main Results

It is necessary for us to show that the implicit Ishikawa iter-
ation sequences generated by schemes (10) and (11) are well
defined, before providing the main results of this present

paper.

Lemma 6. Let K be a nonempty, closed, and convex subset of
a complete CAT(0) space X and T,, : K — K be nonexpansive
mappings. Suppose that {«,} < (0,1] and {6,} < [0,1] are
given parameter sequences. Then, the sequence {x,} generated
by the implicit Ishikawa iteration process (10) is well defined.

Proof. For eachn € Nand any given u € K, define a mapping
S, K — Kby
Spx=aue(l-a,)(1-6,) Tueb,T,x), VYn=1.
(16)

It can be verified that for any fixedn € N, S, ,, is a contractive
mapping. Indeed, if setting p, = (1 -6,)T,u & 0,T,x and
q,=01-0,)T,uea06,T,y,thenwehaveS, ;x=a,u & (1-
a,)p,andS, v = a,u & (1 -a,)q,. It follows from Lemmas
3 and 2 that

[d (P q.))”

= [d(p (1-6,) T,u®6,T, )]’

<0,[d (pn T,»)) + (1-6,) [d (p, T,u)]*
~6,(1-6,) [d (T, T,y)]"

<0,{(1-6,) [d(Tu T,9)]" +6,[d(T,xT,y)]" (7)

-6, (1-6,) [d (T,u,T,%)]’}

+(1-6,)03[d (T,u. T,x)]°
~0,(1-6,) [d (T, T,y)]"

= 02[d (T,x, T,y)]".

Consequently, d(p,,q,) < 0,d(T,x,T,y) < 0,d(x, y), and
thus,

d(snﬂx’snﬂy) = (1 - (xn)d(Pn’ qn)
< (1 _(xn)end(x’y)’

which shows that for each n € N, §S,,; is a contractive
mapping. By induction, Banach’s fixed theorem yields that the
sequence {x,} generated by (10) is well defined. This com-
pletes the proof. O

(18)

We need the following lemma for our main results. The
analogs of [6, Lemma 3.1] and [27, Lemma 2.2] are given in
what follows. We sketch the proof here for the convenience of
the reader.

Lemma 7. Let K be a nonempty, closed, and convex subset of
a complete CAT(0) space X and T,, : K — K be nonexpansive
mappings. Let {er,,)} C (0,1] and{0,} C [0, 1] be given sequences
such that 0 < liminf, | &, < limsup, _, &, < 1. Suppose
that {x,} generated by (10) is bounded and either

nlLIréod (Tn+1xn+1’ Tnxn+1) =0
(19)
or  lim d(T,,,x,,T,x,) =0
holds. Iflim,, _, .0, = 0, then lim, _, . d(T,x,,x,) = 0.

Proof. First, we show that the boundedness of {x,,} implies the
boundedness of {T, x,}. If {x,} is bounded, then set

M =sup{d(x,,x):n € N} < +co, (20)

for some given point x € X and & = liminf, | e, > 0,

B =limsup,_, , «, <1.With0 <a <« < f3<b < 1,there
exists n; € N such that foralln > n,,

0O<a<a,<b<l (21)



It follows from Lemma 2 that

d(T,x,, x)
< d(TX, Xpi1) + d (X1, X)
=d (T, 0,%,® (1 - at,) (1-6,) T, ®6,T,x,,,,))
+d(x,,1,x)

< o, d (T, x,, x,)
+(1-a,)d(T,x,, (1-6,) T,x,®6,T,x,,)
+d (X1, X)

< 0, d (T,x, x,) + (1= 1) 0,d (T, x,,, T, %00 )
+d (%1, %)

<o, d (T,x,, x) + o, d (x,, x) + (1 — ) 0,d (x,, X,1.1)
+d (x40, %)

< 0,d (T, %, x) + [, + (1 - ,) 0,] d (ix,,, x)
+[1+(1-a,)0,] d(x,41,x).

(22)
Hence, for all n > n,, from (21), we have
d(T,x,,x) < n ! [2d (x,,, x) + 2d (x,,1, )]
L (23)
< —M,
1-b

which means that {T,x,} is bounded.
Next, we prove the conclusion of Lemma?7. If
lim, , d(T,,1%X,.1> TyX,.1) = 0, then we have

lirrlrlsolip [d ((1 - 6n+1) Tn+1xn+1 ® 0n+1Tn+1xn+2’

(1 - 07:) Tnxn & OnTnan) -d (xn+1’ xn)]
<limsup [d ((1-6,,,)

X Tn+1xn+1 ® 6n+1Tn+1xn+2’Tn+1xn+1)
+d (Tn+1xn+1’ (1 - Gn) Tnxn ® enTnerl)
-d (xn+1’ xn) ]
< lirrlrlsolip [6n+1d (Tn+1xn+2’ Tn+1xn+1)
+d (Tn+1xn+1’ Tnxn+1)
+d (Tnxn+1’ (1 - 0}1) Tﬂxﬂ @ enTnerl)
-d (xn+1’xn)]
< lirrlrlsolip [6n+1d (xn+2’ xn+1) + (1 - en) d (xn+1’ xn)
—d (xn+1’ xn)]

<lim sup (6n+1 + en) [d (xn+2’ x) +2d (xm—l’ x)

+d (x,, x)]
<limsup4M (6,,, +6,) = 0.

n— 00

(24)

Abstract and Applied Analysis

Similarly, if lim, _, . d(T,,,,x,, T,x,) = 0, then we have
lirl;rlsolip [d ((1 - 6n+1) Tn+1xn+1 ® 0n+1Tn+1xn+2’
(1 - en) Tnxn ® enTn‘xn+l) -d (xn+1’ xn)]

<limsup[d ((1-6,,,)

X Tn+1xn+1 & 6n+1Tn+1xn+2’ Tn+1xn+1)
+ d (Tn+1xn+1’ Tn+1xn) + d (Tn+1xn> Tn'xn
+d (T,x,,(1-0,)T,x,®0
—d (xn+1’xn)]

< h’?i)sol(l)p [6n+1d (Tn+1xn+2’ Tn+1xn+l)

T, Xps1)

n-n’vn+l

+0,d (T, x,, Ty Xps1) ]

nn> fntn+l

< lim sup [6n+1d ('xn+2’ xn+1) + end ('xn+l’ xn)]

<lim sup (em—l + en) [d (xn+2’x) +2d (xn+1’ x)

+d (x,, x)]
<limsup4M (6,,, +6,) = 0.

(25)

It follows from Lemma5 that lim,_, d((1 - 0,)T,x, &
0,T,%,.1>%,) = 0. Since

d (%, T,x,,)
< d (x, (1-6,) T, ®6,T,%,,1)
+d((1-6,) T,x, 6,7, %01 T, %)
<d (%, (1-6,) Ty, ® 6,T,%,01) + 0, (T, %001, T%,)
< d (%, (1-6,) T, %, ®6,T, %)
+0, [d (x40 %) + d (x,, )]

<d(x,(1-6,)T,x,®6,T,x,,,)+2M6, — 0,
(26)

we obtain that lim,, , . d(T,x,,x,) = 0. This completes the
proof. O

As a direct consequence of Lemma?7, the following
lemma is immediate.

Lemma 8. Let K be a nonempty, closed, and convex subset of
a complete CAT(0) space X and T,, : K — K be nonexpansive
mappings. Let {a,} € (0,1] and {0,} C [0, 1] be given sequences
such that 0 < liminf, _, &, < limsup, _, &, < 1. Suppose
that {x,} generated by (10) is bounded and

lim supd (T,,,x,T,x) =0 27)
n= ek

holds. Iflim,, _, .0, = 0, then lim, _, . d(T,x,,x,) = 0.
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We now present our main results in this paper. The fol-
lowing theorem discusses the A-convergence of the implicit
Ishikawa iteration sequence (10) for a family of nonexpansive
mappings in CAT(0) spaces.

Theorem 9. Let K be a nonempty, closed, and convex subset
of a complete CAT(0) space X and T, : K — K be uniformly
asymptotically regular and nonexpansive mappings such that
ﬂ;’lzl F(T,)#0. Let {a,,} c (0,1] and {6,,} < [0, 1] be given
sequences such that 0 < liminf, _, («, <limsup,_, &, < L.
Then, the sequence {x,} generated by (10) is well defined. Sup-
pose that either

nh—>né<>d (Tn+1xw Tnxn) =0 (28)

or nangod (Tn+1xn+1’Tn'xn+l) =0

holds. If lim, _, .0, = 0, then {x,} A-converges to some point

in (.2, F(T,).

Proof. By Lemma 6, we know that the sequence {x,} gener-
ated by (10) is well defined. For any p € (2, F(T,), from (10)
and Lemma 2, we have

d (%1, p)
=d(a,x,®(1-a,)((1-6,)T,x,®0,T,x,.,), p)
< a,d (x,, p) + (1 -a,)
x ((1-6,)d(T,x,, p) +6,d (T, %1 P))
< a,d (x,,p) + (1 -a,) (1-6,)d(x,, p)

+ (1 - (xn) Gnd (xn+1’ P) .
(29)

Sincea,, + (1 —,)(1 - 0,) =1-(1 - «,)0,, it follows that
d(xn+1’p) < d(xn’p)' (30)

Consequently, {d(x,,, p)} converges, and {x,} is thus bound-

ed.
It follows from (10) and (21) that for sufficiently large n €
N)

d (X115 X,)
=d (a,x, & (1-at,) ((1-6,) T,x, ®6,T,%,,1) » X,)
< (1-a)(1-6,)d (x. Tz,
+ (1= a,) 0,d (T, %010 x,,)
< (1 -a,)0,d (T, %1, Tx,)
+(1-a,) 0,d (T,x,0 x,) + d (x,, T,,x,)
< (1-a)d (x,,1,x,) +2d (x,, T,x,,) -
(31)

Applying Lemma 7, we have lim,, _, . d(x,,, T, x,) = 0. Hence,
2

d (xn+1> xn) <—d (xn’ Tnxn) — 0, (32)
a

and thus,

d (xn+1’ Tnxn) < d (xn+1’ xn) +d (xn’ Tnxn) — 0. (33)

We prove that for eachi € N, lim,, _, . d(x,,,1, TiX,,;) = 0.
Since

d (Tianrl’ Ti (Tnxn)) < d (xn+1’ Tnxn > (34)

we know that lim,, _, . d(T;x,,.,, T;(T,,x,)) = 0. Because the
family of nonexpansive mappings {T;} is uniformly asymptot-
ically regular, we have

d (xn+1’ Tixrﬁ-l)
< d ('xn+1’ Tnxn) + d (Tn'xn’ Ti (Tnxn))
+d (Tl (Tnxn) > Tixn+1) (35)

<2d(x,,,,T,x,)+ sup d(T,z,T;(T,z)) — O.
ze{x,}

Since {d(x,, p)} converges for any p € (.2, F(T,), an
application of Lemma 4 yields that w,,(x,,) consists of exactly
one point and is contained in F(T;), for all i € N. This
shows that {x,} A-converges to some point in ()72, F(T,).
This completes the proof. O

In the special case where 0, = 0, from Theorem 9, we have
the following corollary.

Corollary 10 (see [6, Theorem 3.4]). Let K be a nonempty,
closed, and convex subset of a complete CAT(0) space X and
T, : K — K be uniformly asymptotically regular and
nonexpansive mappings such that (2, F(T,) #0. Let {«,,} C
(0,1] be a given sequence of real numbers such that 0 <
liminf, , &, < limsup,_, &, < 1. Let {x,} be a sequence
defined by

x; €K, x4, =0ax,®(l-0a,)T,x, VYn>1l (36)
Suppose that either
nlLITOIOd (Tn+1xn’ Tnxn) =0
(37)

or nll)n(l)od (Tn+1'xn+l’Tn'xn+l) =0

holds. Then, {x,)} A-converges to some point in ;o F(T,).

Remark 11. Theorem 9 extends and improves [6, Theorem
3.4] from the explicit Mann iteration schemes to the implicit
Ishikawa iteration schemes.

By Lemma 8 and Theorem 9, the following theorem holds
trivially.

Theorem 12. Let K be a nonempty, closed, and convex subset
of a complete CAT(0) space X and T, : K — K be uniformly
asymptotically regular and nonexpansive mappings such that
(oo, F(T,) #0. Let {o,} ¢ (0,1] and {6,} c [0,1] be given
sequences such that 0 < liminf, _, j«, <limsup,_, &, < 1.
Then, the sequence {x,} generated by (10) is well defined. Sup-
pose that

lim supd (T, x,T,x) =0 (38)

holds. If lim, _, .0, = 0, then {x,} A-converges to some point
in (2, F(T,).



Finally, we study the strong convergence of the implicit
Ishikawa iteration sequence (11) for nonexpansive semi-
groups in CAT(0) spaces, under various and appropriate con-
ditions.

Theorem 13. Let C be a compact convex subset of a complete
CAT(0) space and T = {T(t) : t € R*} be a nonexpansive
semigroup on C. Let {«,} ¢ (0,1] and {0,} [0, 1] be given
sequences of real numbers such that 0 < liminf, «a, <
limsup, _, o, < 1. Then, the sequence {x,} generated by the
implicit Ishikawa iteration process (11) is well defined. Suppose
that {t,} is a sequence in R™ such that

lirlfll i(l)‘lof t, < limsupt,,

lim (¢
oo n—>oo("+1

—t,) =0 (39)

Iflim, , 6, = 0, then {x,} converges strongly to some point
in F(T).

Proof. Itis known that F(I') is nonempty (see [1, 2, 28]). From
Lemma 6, we know that the sequence {x,} generated by (11)
is well defined. Then, we show that

lim supd (T (t,,,) x, T (t,) x) = 0. (40)
n= 0 eC

Assume for the contrary that (40) does not hold. There exist
a subsequence {tnk} c {t,},asequence {y,} c C,andan# >0
such that forall k € N,

d(T (ty) v T (t, ) v) 2 1. (41)

Since C is compact, there exists a convergent subsequence
contained in {y,}. Without loss of generality, we assume that
lim;, _, ., ¥, = y with y € C. Consequently,

0<pny

<limsupd (T (tnk+1) Vo T (tnk) )’k)

k— o0

<timsupd (T ([t 11 = t,[) 7o T (0) )

< lim sup [d 't

k— 00

tnk )yk’T(ltnk+1 _tnk )y)

mt+l

+d (T ('t”k+1 - t"k ) y’T(O) y)
+d (T (0) . T (0) ) |

< lim sup [2d (3 )+ d (T ([t1 = 1, ]) T @ )] = 0,
(42)

which is a contradiction. Formula (40) follows readily. Now,
Lemma 8 yields that

Jim d (T (t,) x,. x,) = 0. (43)
Similar to the proof of [6, Theorem 3.5], it is easy to see
that there exists a subsequence {xnj} which converges to x*,

where x* is a common fixed point in F(T). Since x* is a cluster
of {x,}, we have liminf, , d(x,,x*) = 0. It follows from
(11) and (30) that lim,, _, . d(x,, x*) exists. Hence, we obtain

lim,, _, ,d(x,,x") = 0, which completes the proof. O

Abstract and Applied Analysis

Remark 14. The proof of Theorem13 is an analog of [6,
Theorem 3.5]. If o, = A € (0,1) and 0, = 0, then Theorem 13
reduces to [6, Theorem 3.5]. Therefore, Theorem 13 extends
and generalizes [6, Theorem 3.5] from the explicit Mann iter-
ation processes to the implicit Ishikawa iteration processes.

We prove another strong convergence theorem which dif-
fers from Theorem 13.

Theorem 15. Let C be a compact convex subset of a complete
CAT(0) space and T = {T(t) : t € R} be a nonexpansive
semigroup on C. Let {a,} < (0,1] and {6,} c [0, 1] be given
sequences. Then, the sequence {x,} generated by the implicit
Ishikawa iteration process (11) is well defined. Moreover, if

+1-6
I 270, (44)

n

lim ¢, = lim
n—00 n—00

then {x,} converges strongly to a common fixed point x* of T.

Proof. It is known that F(I') is nonempty (see [1, 2, 28]). From
Lemma 6, we know that {x,,} generated by (11) is well defined.

Claim 1. If {r, } is a sequence of nonnegative real numbers such
that lim r, = 0, then

n— 00

lim supd (T (r,) x, T (0) x) = 0. (45)
n=yeC

Assume for the contrary that (45) does not hold. There exist
asubsequence {r,, } C {r,,}, a sequence {y,} ¢ C,andan# >0
such that for all k € N,

d (T (r,) v T (©0) y) = 1. (46)

Since C is compact, there exists a convergent subsequence of
{y}. Without loss of generality, we assume that lim,, , ¥, =
y with y € C. Consequently,

0<ny

<limsupd (T (,, ) ¥ T (0) y;)

k— oo

< limsup [d (T (rnk) Vi T (rnk) y)

k— oo

+d (T (r,) 3, T (0) y) +d (T (0) y,T(0) ;)]

< lilfnsup [Zd (Ve y) + d(T (”nk)}”T(O) y)] =0,
(47)

which is a contradiction. Formula (45) follows readily.

Claim 2. Consider that lim,, _, . d(x,,,1, T(t)x,.;) = 0. Since
C is a compact convex subset of X, there exists a subsequence
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{x,,} € {x,} such that x,
(11) and Lemma 2 that

d (xn+1’ T (tn) xn+1)

=d(a,x,®(1-

— x"asj — oo. It follows from

o) (1=6,) T (t,) x,
®0,T (t,) Xp1)> T (£) %11)
< o, d (%, T (£,) Xp11)
+(1=0,) (1-6,)d (T (£) % T (£) Xp01)
< o d (%00, T (£4) i)

(1 - Gn) d (xn’ xn+1) .

+ and (xn’ xn+1) +
(48)

Hence, we have

d ('xn+1’ T (tn) xn+1) <

For any given x € X, let M = sup{d(x,,x) : n € N}. Since C
is compact and lim,, _, , &, = 0, we know that M < +oco and
< 2/3 for sufficiently large n € N. Consequently,

d (xn+1’ T (tn) xn+1)
en) [d (xn’ x) +d (xn+1’ x)] (50)
-0, — 0.

a,+1-0,
X)) (49)

n

<3(a,+1-
< 6M (o, + 1

Thus, from (45) we get
lim sup d (T (0) X115 Xpy1)

n— 00

< limsup [d (T (0) x,,1, T (t,) X,s1)

+d (T (tn) Xp+1> xn+1)] (51)

(t,) x)

< lim supd (T (0)x, T
"m0 eC

+limsupd (x,,1, T (t,) xX,,,) = 0.

n— o0

For any given t > 0, it follows from (50) that
d (T (0) 2,0, T (1) %,1)

[t/t,]-1
< d (T (kt,) X1, T ((k +1)8,) X,,,1)

k=0

a(r([]r)serin)

t
|:t_ d n+1’T(t )xn+1)

]

< 6MtL1_0"

n

+ max{d (T (s) X,1>X,1) : 0 < s < £}

7
_ oMt +1-0,
tn
d (T (Sn) Xn+1> xn+1) (say Sn € [0’ tn])
1-6
< 6MET T+ d (T (5,) 2,11, (0) 1)
d (T (0) X415 xn+1)
comt® T 0 )%, x)
+supd (T (s,) x, T (0)x),
xeC
(52)

where [t/t,] is the integer part of ¢/¢,. Since lim, _, . ((«,, +
1-0,)/t,) =0, it follows from (45) and (51) that

Jim d (x0T (£) %,1) = 0. (53)
Therefore, from the previous formula, we know that x* €
F(I). Iteration process (11) and inequality (30) imply that {x,}
converges strongly to x*. This completes the proof. O

Remark 16. If X is a Banach space, the notation “fx & (1 —
B)y” with 8 € [0,1] is replaced by “Bx + (1 - f)y” and 0, =
1, then Theorem 15 reduces to [19, Theorem 2.3]. Therefore,
Theorem 15 extends and generalizes [19, Theorem 2.3] from
the implicit Mann iteration processes in the Banach spaces to
the implicit Ishikawa iteration processes in CAT(0) spaces.

Remark 17. 'The results presented in this paper can be imme-
diately applied to any CAT(k) space with k < 0, because any
CAT (k) space is a CAT(k') space for any k' > k (see [3, 6]).
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